␣ 2 -adrenoceptors are essential presynaptic regulators of norepinephrine release from sympathetic nerves. Previous studies in mice with targeted deletions in the 3 ␣ 2 -adrenoceptor genes have indicated that these receptors are essential for embryonic development. In the present study, we searched for the ␣ 2 -adrenoceptor subtype(s) involved in placental development and its molecular mechanism using mice carrying targeted deletions in ␣ 2 -adrenoceptor genes. Congenic ␣ 2B -adrenoceptor-deficient mice (Adra2b Ϫ/Ϫ ) developed a defect in fetal and maternal vessel formation in the placenta labyrinth at embryonic day 10.5. This defect was accompanied by reduced endothelial cell proliferation and decreased extracellular signal-regulated kinase 1/2 phosphorylation levels in Adra2b Ϫ/Ϫ as compared with Adra2b ϩ/ϩ placentae. Microarray analysis of wild-type and mutant placentae (maternal genotype Adra2b ϩ/Ϫ ) revealed 179 genes, which were significantly up-or downregulated Ͼ1.5-fold in ␣ 2B -deficient placentae. The type 1 receptor for vascular endothelial growth factor (Flt1), which is coexpressed with ␣ 2B -adrenoceptors in spongiotrophoblast and giant cells of the placenta, was found to be 2.3-fold upregulated in ␣ 2B -deficient placentae. Neutralization of Flt1 and its soluble splice variant sFlt1 by a specific antibody in vivo prevented the vascular defect in ␣ 2B -deficient placentae at embryonic day 10.5. Thus, ␣ 2B -adrenoceptors are essential to suppress antiangiogenic (s)Flt1 in spongiotrophoblasts to control the coordinated formation of a vascular labyrinth of fetal and maternal blood vessels in the murine placenta during development. (Circ Res. 2007;101:682-691.) 
A drenoceptors mediate the biological actions of the endogenous catecholamines epinephrine and norepinephrine. Altogether, 9 different adrenoceptor subtypes have been identified by molecular cloning. 1 A large body of physiological evidence has been accumulating that demonstrates the role of adrenergic signaling in peripheral autonomic as well as central nervous system function. Because of the absence of sufficiently selective ligands for some adrenoceptor subtypes, mice carrying targeted deletions in the adrenoceptor genes have confirmed and also expanded current knowledge about the adrenergic system. 2, 3 Whereas many studies have concentrated on the modulation of physiological functions in the cardiovascular, metabolic and peripheral and central nervous systems, some reports have highlighted the potential role of the adrenergic system for development and remodeling in the cardiovascular system. 4, 5 Deletion of the 3 ␣ 2 -adrenoceptor subtypes in the mouse (␣ 2ABC Ϫ/Ϫ ) results in embryonic lethality associated with a severe defect in the development of the extraembryonic vasculature and reduced activity of mitogen-activated protein (MAP) kinases extracellular signal-regulated kinase (ERK)1 and -2 in the placenta and yolk sac at embryonic day (E)10.5. 5 However, neither the ␣ 2 -adrenoceptor subtype(s) required for vascular development nor the underlying molecular mechanism has been uncovered until now. Frequently, defects in the Ras-Raf-MEK-ERK pathway have been associated with vascular defects in extraembryonic tissues during mouse development. 6 -10 In the present study, we identified the ␣ 2B -adrenoceptor as the ␣ 2 -subtype essential for placenta development. Furthermore, deletion of the gene encoding ␣ 2B -adrenoceptors (Adra2b) resulted in upregulation of the vascular endothelial growth factor (VEGF) receptor type 1 (VEGFR1) (Flt1) in spongiotrophoblast cells. Flt1 and its soluble splice variant (sFlt1) have previously been identified as antiangiogenic molecules, which bind VEGF ligand with high affinity and prevent it from activating other receptor subtypes, including the type 2 VEGF receptor (Flk1). 11 Upregulation of Flt1 has also been linked with hypertension and preeclampsia during human pregnancy. [12] [13] [14] [15] Recent data indicate that angiotensin II stimulates secretion and release of soluble Flt1 from human placenta cytotrophoblasts. 16 Our current data support a direct link between adrenergic receptor signaling and angiogenic regulation by the VEGF system.
Materials and Methods

Generation of ␣ 2 -Adrenoceptor-Deficient Mice
The targeted deletion of the 3 ␣ 2 -adrenoceptor genes (Adra2a, Adra2b, Adra2c) in mice has been described previously. 5, [17] [18] [19] 
Histology and Immunochemistry
For histological and 5Ј-bromo-2Ј-deoxyuridine (BrdUrd) analysis of the placentae, we injected 150 mg/kg (BrdUrd) (Sigma) in pregnant mice at E9.5. Twenty-four hours later (E10.5), the mice were perfused with 2% paraformaldehyde and 0.2% glutaraldehyde. The placentae were postfixed in 4% paraformaldehyde and embedded in paraffin or araldite. Morphology and proliferation rate were analyzed in 3-m sections stained with the BrdUrd immunohistochemistry system (Calbiochem) and hematoxylin. Labyrinth endothelial cells were stained with anti-CD31 (clone MEC13.3; BD Pharmingen) and Alexa Fluor546 -labeled secondary antibody (Molecular Probes).
Western Blot
For Western blot analysis, freshly prepared tissues of yolk sac and placenta at E10.5 or yolk sacs cultured 24 hours in serum-free RPMI 1640 were used. The cultured yolk sacs were stimulated with 10% fetal calf serum or 1 mol/L medetomidine for 10 minutes as described previously. 20 Antibodies against ERK1/2 and P-ERK1/2 were purchased from Cell Signaling Technologies (Danvers, Mass), anti-G␤ from Santa Cruz Biotechnology (Heidelberg, Germany), goat anti-mouse VEGFR1 (sFlt-1/Flt-1) from R&D Systems (Wiesbaden, Germany), and rabbit anti-VEGF from Sigma-Aldrich (Munich, Germany).
Autoradiography
Receptor autoradiography was performed as described previously. 5, 21 Placentae were frozen in isopentane cooled to Ϫ40°C with liquid nitrogen and stored at Ϫ80°C. Transverse sections (10 m) were serially cut with a cryostat, thaw-mounted onto slides, and incubated for 60 minutes in 50 mmol/L Tris-HCl (pH 7.5), 1.5 mmol/L EDTA, and 8 nmol/L [ 3 H]RX821002. To determine nonspecific binding, 1 mol/L atipamezole was included. Following incubations, the air-dried slides were exposed to 3H-Hyperfilm (Amersham Pharmacia, Freiburg, Germany) for 18 weeks.
Gene Expression Analysis
Comparative transcriptome analysis was performed using GeneChip Mouse Genome 430 2.0 Arrays (Affymetrix, Santa Clara, Calif). Sample preparation and hybridization were performed according to the Affymetrix standard protocol (Eukaryotic Sample and Array Processing) using 5 g of total RNA from individual placenta specimens. Microarray data and a detailed description of the experimental procedure have been submitted to the Gene Expression Omnibus database at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo; accession number GSE6909). In situ hybridization was performed as described. 22 For quantitative RT-PCR, 1 g of total RNA was reverse transcribed (QuantiTect Rev. Transcription Kit, Qiagen) and 20 ng of cDNA and 300 nmol/L sequence specific primers (MWG, Ebersberg, Germany) were run in triplicate reaction on a MX3000P detector (Stratagene, Amsterdam, Netherlands). Flt-1 and sFlt-1 expression was detected with the following specific primers: sFlt1 sense, 5Ј-AGGTGAGCA-CTGCGGCA; sFlt1 antisense, 5Ј-ATGAGTCCTTTAATGTTTG-AC; Flt-1 sense, 5Ј-TGGCTCTACGACCTTAGACTG; Flt-1 antisense, 5Ј-CAGGTTTGACTTGTCTGAGGTT.
The cycling conditions were as follows: 15 minutes of polymerase activation at 95°C; 40 cycles at 95°C for 15 seconds, at 58°C for 30 seconds, and at 72°C for 30 seconds. Results were analyzed using MxPro software (Stratagene). [23] [24] [25] 
Statistics
Differences between 2 or among multiple groups were analyzed using Student's t test or ANOVA, followed by Bonferroni post hoc tests, respectively. A probability value of less than 0.05 was considered statistically significant. Results are displayed as meansϮSEM.
Results
Generation of ␣ 2 -Adrenoceptor-Deficient Mice
All animal procedures were approved by the responsible animal care committee of the University of Freiburg. The initial observation that ␣ 2 -adrenoceptors are associated with placental angiogenesis was made in a mouse strain lacking all 3 ␣ 2 -adrenoceptor subtypes (Adra2a Ϫ/Ϫ Adra2b Ϫ/Ϫ Adra2c Ϫ/Ϫ ) which was maintained on a mixed C57BL/6J/129/Sv background. 5 Thus, to test which of the ␣ 2 -adrenoceptor subtype(s) might be involved in the angiogenic process in the placenta, we backcrossed all of the targeted deletions of ␣ 2A -, ␣ 2B -, and ␣ 2C -adrenoceptor genes for more than 12 generations onto a pure C57BL/6J genetic background. In this case, ␣ 2A -and ␣ 2C -deficient mice survived embryonic development, but ␣ 2B -adrenoceptor-deficient mice were lost during the embryonic period (data not shown). The critical period for placenta angiogenesis in Adra2a Ϫ/Ϫ Adra2b Ϫ/Ϫ Adra2c Ϫ/Ϫ mice was around E10.5 of embryonic development, at which time fetal and maternal blood vessels rapidly developed in wildtype but not in ␣ 2ABC -deficient mice to establish a vascular labyrinth. 5 Thus, heterozygous Adra2b ϩ/Ϫ mice were mated and extraembryonic vascular development was analyzed at E10.5 (Figure 1 ). At this time, ␣ 2B -deficient embryos were smaller than wild-type littermates (Figure 1a and 1b), but all embryos analyzed were viable and did not differ in their cardiac beating frequency. Histological analysis and CD31 immunostaining of the placentae revealed a significant deficit in vascularization of the embryonic part of the Adra2b Ϫ/Ϫ placentae as compared with Adra2b ϩ/ϩ specimens (Figure 1c through 1j). In Adra2b Ϫ/Ϫ placentae, fetal blood vessels, which were lined by endothelial cells as well as maternal blood spaces between trophoblast cells, were scarce and contained only a few erythrocytes (Figure 1e and 1f). A reconstruction of 10 sequential sections through the vascular labyrinth showed well-developed fetal vessel branching and interconnection of vessels ( Figure 1i ). In contrast, fetal blood vessels had a narrow lumen and did not reveal sites of branching in ␣ 2B -deficient placentae (Figure 1j ).
Morphometric analysis of Adra2b ϩ/ϩ and Adra2b Ϫ/Ϫ placentae confirmed these observations ( Figure 2 ). In the Adra2b Ϫ/Ϫ labyrinth, density of endothelial cells was reduced by 65% and trophoblast cell number was significantly higher as compared with Adra2b ϩ/ϩ embryos (Figure 2a ). The area of the labyrinth that was covered by fetal or maternal vessels was reduced in ␣ 2B -deficient specimens by 38% and 35%, respectively (Figure 2b ). Density and number of trophoblast giant cells and spongiotrophoblast layers was not affected by deletion of the ␣ 2B -adrenoceptor gene (Figure 2c through 2e). To test whether the altered labyrinthine cell type distribution was attributable to a difference in cell proliferation between Adra2b ϩ/ϩ and Adra2b Ϫ/Ϫ cells, pregnant mice were received injections of BrdUrd at E9.5 (Figure 2f through 2h). At E10.5, a similar percentage of giant cells and spongiotrophoblast cells were labeled with BrdUrd in Adra2b ϩ/ϩ and in Adra2b Ϫ/Ϫ placentae ( Figure 2h ). However, BrdUrd incorporation was increased in labyrinth trophoblast cells and significantly decreased in endothelial cells of Adra2b Ϫ/Ϫ embryos (Figure 2h ). Taken together, these data indicate that the primary angiogenesis defect in Adra2b Ϫ/Ϫ placentae is mediated by altered cell proliferation of labyrinthine endothelial and trophoblast cells.
␣ 2 -Adrenoceptor-Mediated MAP Kinase Activation
Previous experiments have indicated that several molecules of the MAP kinase signaling cascade are essential for placental vascular development. 6 -10 In freshly prepared Adra2b Ϫ/Ϫ placentae and yolk sacs, the amounts of the phosphorylated, active forms of ERK1/2 kinases were 35% lower compared with control specimens (Figure 3a ). This was identical to the reduction in P-ERK1/2 levels that we found previously in ␣ 2ABC -deficient placentae at E10.5. 20 To test whether ␣ 2B -receptors were directly linked to ERK1/2 activation in mouse extraembryonic tissues, Adra2b Ϫ/Ϫ and Adra2b ϩ/ϩ yolk sac tissue was maintained in vitro for 24 hours and stimulated with the ␣ 2 -agonist medetomidine or FCS (Figure 3b ). The addition of medetomidine for 10 minutes increased P-ERK1/2 levels by 110% in Adra2b ϩ/ϩ yolk sac but not in Adra2b Ϫ/Ϫ tissue, demonstrating that the ␣ 2B subtype is essential for ␣ 2 -agonist-mediated ERK activation. In contrast to the ERK pathway, Akt expression and phosphorylation in the placenta was not affected by deletion of the Adra2b gene ( Figure 3c ).
Differential Gene Expression in ␣ 2B -Deficient Placentae at E10.5
To search for antiangiogenic or angiogenic genes that might be dysregulated in the placentae of Adra2b Ϫ/Ϫ embryos, microarray expression profiling was performed using RNA isolated from total placentae of E10.5 wild-type and mutant embryos with the maternal Adra2b ϩ/Ϫ genotype. A total of 179 well-annotated and 44 nonannotated genes were identified that were significantly regulated more than 1.5-fold in the Adra2b Ϫ/Ϫfetal Adra2b ϩ/Ϫmaternal placentae ( Table I in the online data supplement, available at http://circres.ahajournals. org). Among the well-annotated genes, 74 were upregulated and 105 were significantly downregulated ( Figure 4a ). When these genes were clustered into functional groups, 38 genes associated with development were differentially regulated ( Figure 4b ). Within this group, 2 genes (Spint1, Gjb3) were linked to placenta development and 4 differentially expressed genes were involved in blood vessel morphogenesis (Flt1, Tgfb2, Wt1, Cxcl4). Cxcl4, Flt1, Gjb3, and Spint1 were significantly upregulated in ␣ 2B -deficient placentae, whereas Tgfb2 and Wt1 were downregulated (Figure 4c ). Because Flt1 plays an essential role in placenta development 26, 27 and is coexpressed with ␣ 2B -adrenoceptors in giant cells and spongiotrophoblast cells, we validated expression of Vegfa, Flt1, and the other VEGF receptors by quantitative real-time RT-PCR ( Figure 4d ). Upregulation of Flt1 expression in the microarray experiments could be confirmed by quantitative real-time RT-PCR. Flt1 mRNA levels were 2.3-fold higher in ␣ 2B -deficient placentae than in wild-type control tissue from the same litter. Similarly, the soluble splice variant of Flt1 (sFlt1) was expressed 2.8-fold greater in ␣ 2B -deficient tissue (Figure 4d ). Levels of sFlt1 mRNA were not altered in placenta tissue derived from ␣ 2A -or ␣ 2C -deficient mice (Figure 4e ). Expression of placental growth factor mRNA, which is also a ligand of the VEGF receptors, was not different between Adra2b Ϫ/Ϫ and Adra2b ϩ/ϩ placentae (91.7Ϯ14.1%).
Localization of Placental ␣ 2B -Adrenoceptors, VEGF Ligand, and VEGF Receptors
To identify the localization of the ␣ 2B -receptors in the spatial context of the VEGF ligand/receptor family, we performed autoradiography and in situ hybridization experiments in placentae from Adra2a Ϫ/Ϫ Adra2b ϩ/ϩ Adra2c Ϫ/Ϫ embryos at E10.5, which only expressed the ␣ 2B -adrenoceptor subtype (Figure 5a and 5b and 5d through 5h ). Using the nonsubtype-selective ␣ 2 -adrenoceptor antagonist [ 3 H]RX821002, giant cell and spongiotrophoblast layers were most densely labeled with the radioligand (Figure 5a and 5b) . A similar labeling pattern was observed in wild-type placentae, and this signal was completely absent in ␣ 2ABC -deficient placentae. 5 To quantify mRNAs for the individual placental ␣ 2adrenoceptor subtypes, quantitative real-time PCR experiments were performed on wild-type placenta specimens on E10.5 (Figure 5c ). Consistent with previous results, ␣ 2Breceptor mRNA was most abundantly expressed, reaching levels that were approximately 100-fold higher than the ␣ 2C -subtype and 50-fold higher than the ␣ 2A -receptor ( Figure   5c ). A similar pattern of ␣ 2 -subtype expression, ie, ␣ 2B Ͼ Ͼ␣ 2A Ͼ␣ 2C , was also found in the yolk sac at E10.5 (data not shown). Because placenta angiogenesis requires VEGF signaling, we determined the localization of VEGF and its receptors by in situ hybridization. Of these angiogenic regulators, the VEGF type-1 receptor (Flt1) was expressed in giant cells and spongiotrophoblast cells of Adra2a Ϫ/Ϫ Adra2b ϩ/ϩ Adra2c Ϫ/Ϫ placentae, which was similar to the ␣ 2B -receptor (Figure 5b and 5f ). VEGF type-2 (Flk1) and type-3 receptors (Flt4) were identified in the vascular labyrinth (Figure 5g and 5h ). VEGF-A ligand itself was most densely expressed in localized areas of the labyrinthine part of the Adra2a Ϫ/Ϫ Adra2b ϩ/ϩ Adra2c Ϫ/Ϫ placentae (Figure 5e ). Protein levels of sFlt1 were 2-fold higher in ␣ 2B -deficient placenta tissue as compared with wild-type specimens (Figure 5i ). However, placental VEGF-A expression did not change in Adra2b Ϫ/Ϫ tissues (Figure 5i ).
Neutralization of Flt1/sFlt1 Rescues Placenta Vascular Defect
To test whether upregulation of Flt1 and sFlt1 is causally linked with the defect in placenta vascular development of ␣ 2B -deficient mice, we attempted to block Flt1/sFlt function in vivo using a neutralizing antiserum. 28 On E9.0, 25 g of antiserum were injected intravenously into pregnant Adra2b ϩ/Ϫ mice that had been mated with Adra2b ϩ/Ϫ males. 28 At E10.5, vascular structure and MAP kinase activation was assessed in Adra2b Ϫ/Ϫ and Adra2b ϩ/ϩ embryos ( Figure 6 ).
Anti-Flt1 completely normalized vascularization in ␣ 2Bdeficient placentae (Figure 6a through 6c) . No difference could be identified in the density of fetal or maternal blood vessels as well as in labyrinth trophoblast and endothelial cell density (Figure 6b and 6c ). In addition, phosphorylation of ERK1/2 did not differ in freshly isolated tissue from wildtype or ␣ 2B -deficient placentae (Figure 6d ). These data indicate that neutralizing (s)Flt1 by an antibody strategy can inhibit the vascular and ERK1/2 signaling defects in ␣ 2Bdeficient mouse placentae.
Discussion
The present study demonstrates that ␣ 2B -adrenoceptors are essential for vascular development in the murine placentae. During the early phase of formation of a vascular labyrinth of fetal and maternal blood vessels, ␣ 2B -adrenoceptors in spongiotrophoblast and giant cells inhibit expression of the soluble VEGF receptor type1 (also termed sFlt1). In mice with a targeted deletion in the ␣ 2B -adrenoceptor gene (Adra2b), Figure 4 . Microarray and quantitative PCR analysis of differential gene expression in ␣ 2B -adrenoceptor-deficient placentae at E10.5. a, Microarray analysis of Adra2b ϩ/ϩ and Adra2b Ϫ/Ϫ placentae (nϭ3 per genotype) revealed genes that were differentially expressed Ͼ1.5-fold between genotypes (yellow symbols; PϽ0.05). Expression signals of nonregulated genes are depicted as red symbols. b, Classification of regulated genes according to the Gene Ontology database identified 6 genes that were significantly regulated during organogenesis (2 placenta, 4 blood vessel morphogenesis). c, Expression of differentially expressed genes involved in placenta or vascular development as revealed by microarray analysis. mRNA levels of Cxcl4, Flt1, Gjb3, and Spint1 were significantly upregulated in E10.5 Adra2b Ϫ/Ϫ placentae as compared with Adra2b ϩ/ϩ tissues. In contrast, Tgfb2 and Wt1 were expressed at lower levels in Adra2b Ϫ/Ϫ tissue. d, Validation of expression of VEGF and VEGF receptors by quantitative real-time PCR analysis of E10.5 placentae. The VEGF receptor Flt1 and its soluble version sFlt1 were significantly upregulated in E10.5 Adra2b Ϫ/Ϫ placentae (nϭ5 to 8 per genotype; *PϽ0.05). e, sFlt1 mRNA levels were not significantly altered in Adra2a Ϫ/Ϫ and Adra2c Ϫ/Ϫ placentae as compared with the respective wild-type controls at E10.5 (nϭ5 per genotype).
upregulation of sFlt1 is causally linked with a vasculogenesis defect in the placenta labyrinth because neutralizing (s)Flt1 via antibody injection prevented the vascular defect in ␣ 2Bdeficient extraembryonic tissue.
Previous studies have indicated that all 3 ␣ 2 -adrenoceptors are required for extraembryonic vascular development, because mice deficient in ␣ 2A -, ␣ 2B -, and ␣ 2C -adrenoceptors did not survive beyond E10.5. 20 However, because of different strategies in the generation of the individual targeted lines (injection of targeted Adra2b ϩ/Ϫ and Adra2c ϩ/Ϫ 129/Sv embryonic stem cells into C57BL/6J blastocysts 18 ; aggregation of Adra2a ϩ/Ϫ embryonic stem cells with FVB/N morulae 19 ), ␣ 2ABC -deficient mice were generated on a mixed genetic background. Thus, to identify the ␣ 2 -receptor subtype(s) essential for vascular development, all 3 targeted mutations were crossed back for Ͼ12 generations onto a pure C57BL/6J background. Whereas C57BL/6J congenic Adra2a Ϫ/Ϫ and Adra2c Ϫ/Ϫ mice were born at the expected Mendelian ratio and did not show any vascular defect in the placenta at E10.5, the placenta phenotype of congenic Adra2b Ϫ/Ϫ mice resembled the defect observed in ␣ 2ABC -deficient mice. 5 This observation is consistent with the abundant expression of ␣ 2Breceptors in the placenta at E10.5. When mRNA expression levels of the 3 ␣ 2 -subtypes in the placentae were compared by quantitative RT-PCR, ␣ 2B -receptors were expressed at Ϸ100fold higher levels than ␣ 2C and Ϸ50-fold higher levels than ␣ 2A , respectively. By autoradiography labeling with a tritiated ␣ 2 -adrenoceptor antagonist, [ 3 H]RX821002, ␣ 2Badrenoceptors were mostly localized in trophoblast giant cells and spongiotrophoblasts. Despite the expression of ␣ 2Breceptors in these cells, no differences in their number and proliferation rate were identified between Adra2b ϩ/ϩ and Adra2b Ϫ/Ϫ embryos. The main developmental defect in the Adra2b Ϫ/Ϫ placentae was observed in the labyrinth as a decrease in fetal and maternal vessel number and a decreased proliferation rate of labyrinth endothelial cells. Thus, the question arose as to how ␣ 2B -receptors in spongiotrophoblasts and giant cells might control vessel formation in the labyrinth. Identification of soluble VEGF receptor-1 (sFlt1) upregulation in spongiotrophoblasts, which may diffuse into the labyrinth to block VEGF function, provides a plausible explanation for this phenotype (Figure 7) .
Upregulation of sFlt1 was identified by whole-genome scanning for differentially expressed genes in the placentae at E10.5. Altogether, 179 genes were significantly regulated Ͼ1.5-fold in Adra2b Ϫ/Ϫ versus Adra2b ϩ/ϩ placentae. The gene ontology algorithm identified only 6 genes within this group, which were classified to be associated with placenta development or blood vessel morphogenesis: Flt1, Tgfb2, Wt1, Cxcl4, Spint1, and Gjb3. Within this group, Flt1 was of particular interest because it overlapped in its expression pattern with the ␣ 2B -adrenoceptor in giant cells and spongio- trophoblast cells ( Figures 5 and 7) . Furthermore, (s)Flt1 has been shown to be an essential regulator of angiogenesis during development and in the adult organism, because mice carrying a targeted deletion in the Flt1 gene died during midgestation with the formation of abnormal vascular channels in embryonic and extraembryonic tissues. 26, 27, 29 Differential splicing of Flt1 results in a soluble VEGF receptor (sFlt1) lacking its transmembrane and intracellular kinase domain. 11 This soluble and therefore diffusible sFlt1 protein may capture VEGF and thus inhibit angiogenesis. 30 Most recently, (s)Flt1 has been shown to be an essential prerequisite for corneal avascularity in several species. 28 In addition, upregulation of sFlt1 has been associated with a number of different pathologies, including preeclampsia. 14, 15 By neutralizing (s)Flt1 with a blocking antibody in vivo, we could demonstrate that the defect in vessel formation in the placenta labyrinth and in MAP kinase activation of Adra2b Ϫ/Ϫ embryos could be completely rescued ( Figure 6 ). The phenotypic rescue in the placentae of Adra2b Ϫ/Ϫ embryos by a neutralizing (s)Flt1 antibody provides support for a plausible model of angiogenic regulation by ␣ 2 -adrenoceptors via suppression of (s)Flt1 expression in the spongiotrophoblast and giant cell layers (Figure 7) . A possible link between ␣ 2 -adrenoceptors and Flt1 expression may be derived from Flt1 promoter studies showing that cAMP is a strong inducer of Flt1 expression. 31 Because ␣ 2B -adrenoceptors are known to inhibit adenylyl cyclase and thus lower cellular cAMP levels, deletion of ␣ 2 -adrenoceptors should result in increased cAMP accumulation. In addition to the inhibition of adenylyl cyclase, ␣ 2 -adrenoceptors have been shown to activate MAP kinase signaling in giant cells and spongiotrophoblasts. 5 Future studies are required to determine whether cAMP or MAP kinase pathways are important for ␣ 2 -mediated control of (s)Flt1 expression in these cells.
The fact that neutralization of (s)Flt1 by an antibody strategy rescued the defect of vascular development in Adra2b Ϫ/Ϫ placentae does not rule out that other differentially expressed genes may contribute to the vascular defect in ␣ 2B -deficient embryos. Genes that are already known to participate in vascular and placenta development and that are known to be expressed in spongiotrophoblasts and/or trophoblast giant cells may be candidates (see Figure 4c ). Mice with a targeted deletion in the Gjb3 gene, which codes for connexin31, a protein subunit of gap junction channels, die between E10.5 and E13.5. 32 Gjb3 Ϫ/Ϫ embryos show reduced labyrinth and spongiotrophoblast size, but the placenta defect recovered progressively during later embryonic development. 32 These results highlight the potential clinical relevance of adrenergic signaling for angiogenesis and vasculogenesis in humans. Future investigations may address whether ␣ 2Badrenoceptors also affect angiogenesis in the adult organism, ie, during tissue ischemia or tumor growth. Recent data support the notion that adrenergic receptors may regulate more aspects of blood vessel development and remodeling than previously appreciated. In a recent report, chronic stress affected growth of tumor cells in vivo via a ␤-adrenoceptordependent regulation of VEGF in vivo. 33 Deficiency of norepinephrine synthesis by deletion of the dopamine ␤-hydroxylase gene resulted in reduced remodeling of the vasculature after ischemia. 34 Only a few studies have addressed the question of which of the adrenergic receptors may link catecholamine signals with angiogenesis. In the rat heart, norepinephrine stimulates myocardial angiogenesis by a paracrine mechanism that involves cardiac nonmyocytes and TGF-␤, 35 and endothelial ␤ 2 -adrenoceptors promote neoangiogenesis in response to ischemic injury. 36 With respect to vascular development of the placenta, it would be important to identify whether ␣ 2B -adrenoceptors play a similar role in the human placenta. This information may be of great clinical relevance because several functionally relevant polymorphisms that may potentially affect sFlt1 expression and blood vessel formation have been identified in human adrenoceptor genes. Several clinical studies have already demonstrated a link between increased sFlt1 expression and preeclampsia. 14, 15 In conclusion, the current study provides evidence that ␣ 2B -adrenoceptors can regulate formation of the placenta vasculature during embryonic development of the mouse. A key role in this process is the suppression of expression of the VEGF receptor-1 (Flt1) and its soluble splice variant (sFlt1) by ␣ 2B -adrenoceptors in giant cells and spongiotrophoblasts ( Figure 7) . Thus, adrenergic activation via ␣ 2B -adrenoceptors may counteract angiotensin II-mediated stimulation of sFlt1 secretion from trophoblast cells. 16 Future studies should address the physiological and pathophysiological relevance of adrenergic sFlt1 activation and determine whether similar pathways may also control angiogenesis and vasculogenesis in the adult organism.
